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In the present experimental study, a photovoltaic (PV)-powered system in continuous cur-
rent (4 kW) for the pumping of water in an isolated, rural agricultural zone in Arequipa—
Peru was analyzed. A meteorological station was installed in the studied zone, measuring
solar radiation, temperature, relative humidity, and wind speed. The electrical and
hydraulic parameters of the solar-pumping system (i.e., electric current, voltage, mass
flow, and hydraulic pressure) were measured in order to evaluate the efficiency of the
energy transformation processes. The results indicate that, during the year of 2017, the
PV pumping system in direct current (DC) functions from 07 h 30 min to 15 h 30 min, dur-
ing an average of 8 h a day. The PV array, hydraulic, and global efficiencies were eval-
uated. This allows for the interpretation of efficiency independent of solar irradiance.
The efficiency of the PV array and global efficiency remained constant (11.5% f and
8.5%, respectively). The functioning interval of the PV array ranges from 880 W up to
3400 W, making evident the versatility of the system of generation and consumption in
DC, which is able to function since solar irradiance is at least 200 W/m2, corresponding
to 880 W of PV array power, 27 m of total dynamic head (TDH) and 2 kg/s of mass flow,
and 70% hydraulic efficiency. With greater mass flows (6.3 kg/s), the PV array power
was 3256 W with a hydraulic efficiency of 55%, a TDH of 30 m, and a peak solar irradi-
ance of 1190 W/m2. When the whole system functions in DC, the efficiencies are superior
to those of systems, which operate with DC/alternating current (AC) current inverters.
[DOI: 10.1115/1.4042724]
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1 Introduction
Electrical power is an indispensable resource for any popula-
tion, responsible for increasing the development of economic
activities and improving the general quality of life [1]. The rural
zones of Latin America have favorable geographic and climatic
conditions for the generation of electric power from solar energy,
using photovoltaic (PV) systems. However, the use of this renew-
able source is currently not widespread in the region, mainly due
to economic and cultural factors, such as unfamiliarity with the
technology. For this reason, it is necessary to extend collective
knowledge concerning photovoltaic technology in order to pro-
mote its exploitation and benefit isolated communities, improving
their life conditions.
This study has been carried on in “Majes Tradicion,” a winery
located in the Santa Rosa irrigation zone, part of Vi~nas del
Ocho vineyards, located in Uraca—Castilla, Arequipa, Peru
(1613035.3000 S; 7227004.4900 W). This vineyard extends over
12 ha of land, dedicated exclusively to the cultivation of different
strains of grapevine as well as their distillation for the production
of wine and pisco (grape spirit). The water for Majes Tradicion
winery comes from a natural water source originated in the Majes
River, and located at a distance of 1500 m and 65 m below the
main winery water reservoir. The vineyards are located in an orig-
inally arid zone: water is transported to the vineyards through
man-made channels, which is why they are considered an exten-
sion of the agricultural zone of the region. Transporting water to
the vineyards and the winery has proven to be a challenge for the
company, and so is the low quality and high cost of electrical
power. These two problems affect the grape production and the
transformation processes for wine and Pisco making, but the latest
generates a negative environmental impact, since the company
uses petroleum-based fuels regularly for its production activities.
The main goal of this research project is to conduct an experi-
mental study of the generation of electrical power, using a photo-
voltaic energy system in continuous current for water pumping.
2 Solar Pumping Systems in Isolated Communities
Arequipa is one of the regions of Peru that receive the highest
solar radiation and benefit from the greatest number of sunlight
hours per year. This region has a great quantity of rural zones
whose inhabitants specialize in textile, agricultural, and cattle-
raising activities, mainly. Electricity, fuel, and water are necessary
for the development of these zones, but currently most of them are
not connected to the energy grid. The lack of electrical power
forces these isolated rural zones to use petroleum-based fuels to
generate electricity. One of the advantages of diesel-powered,
water pumping systems is that the installation is simple.
Nevertheless, the disadvantage arises with the frequent need for
maintenance of the equipment, constant fuel consumption, indis-
criminate use of nonrenewable resources, and environmental pol-
lution caused by exhaust gases [2]. On the other hand, the dry
nature of Arequipa’s climate constitutes a challenge for
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agriculture, one of the main activities of isolated rural zones. This
situation creates a necessity for the optimization of irrigation sys-
tems, which would increase the yield in the process of planting
and harvesting, and the income of the population [3]. Moreover,
the lack of governmental support for the development of solutions
generates uncertainty and causes migration from the countryside
to the city. To face these social, economic, and environmental
issues, photovoltaic systems adapted to the climatic characteristics
of the region are an economic, reliable, and eco-friendly alterna-
tive [4,5]. For example, these systems can contribute to the expan-
sion of the electrical power grid in the distant regions [6], which
would allow the development of different economic activities,
such as agricultural irrigation or cattle raising [7], at lower costs
[8].The use of photovoltaic energy brings with it economic, social,
and environmental benefits, providing the population with access
to telecommunication systems in rural zones [9], and thus improv-
ing the business opportunities and prospects that can contribute to
the development of the region. On the other hand, the principal
disadvantage of the use of photovoltaic energies is the initial
investment cost, which is, however, recoverable over time [10].
Moreover, the price of photovoltaic panels decreases continu-
ously, making its use in different applications feasible. Today,
monocrystalline silicon cell panels, for power generation and
brushless motors, for water pumping, represent the most efficient
and cost effective technology [11–17]. Some research projects
have been undertaken specifically in isolated communities. In
2010, Gonzales conducted a project—Photovoltaic, Pumping-
System Prototype for Cooperation Projects towards Development
with Appropriate Technologies [18]—in which the author pro-
vided information regarding the installation of a particular water-
pumping prototype whose energy is derived from photovoltaic
panels, which feed the motor. He performed multiple simulation
runs, changing parameters such as the need for maintenance of the
system, so that its functioning could be optimized. The author
concluded that the technology could be implemented in develop-
ing countries with a low quality of life, which was also affirmed
by Sagahon [19]. In 2013, Perez presented a project—Water-
Pumping Systems Utilizing Photovoltaic, Solar Energy [20]—for
which the author performed an economic study regarding the utili-
zation of photovoltaic energy for the pumping of water and
addressing subjects as the necessary investment and the subse-
quent returns on investment of this kind of projects. The author
proposed that legislation was updated so that private individuals
could opt for this type of technology for the generation of electri-
cal power. Cuadros et al. [21] presented a procedure for the sim-
plified dimensioning and measurement of photovoltaic pumping
systems, which he calls photo-irrigation.
The applications of photovoltaic energy are innumerable. Cur-
rently, the technology represents an alternative for the isolated
communities, which lack energy resources. Nevertheless, in Latin
America, the use of this technology has not been adequately pro-
moted. The present project studies the performance of a photovol-
taic pumping system in continuous current, evaluating its benefits
and challenges.
3 Experimental Approach
3.1 Experimental Model. The present study aims to evaluate
an experimental prototype consisting of a photovoltaic generation
unit (a in Fig. 1), a pumping and storage unit (b in Fig. 1), and a
data-acquisition unit (c in Fig. 1).
3.1.1 Photovoltaic Generation Unit. The photovoltaic genera-
tion unit is responsible for transforming solar energy into electri-
cal power. It consists of a PV array and a controller. The
characteristics of the PV array (Fig. 2) are described in Table 1.
The controller (Table 2) regulates the electrical power gener-
ated by the panels according to the requirements of the pump. The
regulator is in charge of disconnecting the pump when there is not
enough solar radiation to power the pumping system. The system
is automatically disconnected when available irradiance falls
below 200 W/m2. The power regulator controls and monitors the
inputs in order to protect the system against dry running of the
pump, reverse polarity, overload, and overheating. This is done
using integrated maximum power point tracking (MPPT).
3.1.2 Pumping and Storage Unit. The hydraulic pump is
responsible for the transformation of electrical power into
mechanical power (electric motor) and then into hydraulic power
(pump). It is an integrated, submergible motor (Table 3) coupled
with a centrifugal pump (Table 4).
The pump is submerged in the lower reservoir (Fig. 1). It pumps
the water to the upper reservoir (Fig. 1), from where it will be dis-
tributed to the agricultural plots through microdripping, due to the
force of gravity.
3.1.3 Instrumentation and Data-Acquisition Unit. The mete-
orological station (VANTAGE PRO2 PLUS HOBO
VR
) is made up
of: (1) temperature and relative-humidity sensors, (2) a precipita-
tion sensor, (3) a wind speed and direction sensor (0–50 m/s), and
(4) a solar-radiation sensor, consisting of a cast acrylic diffuser, a
photodiode, and signal-processing circuitry, housed in an ano-
dized aluminum case (0–2000 W/m2). All the received signals are
sent to a data-acquisition system within the station itself, where
they are stored every 10 min (Micro Station Data Logger—H21-
002 HOBO). The station has been registering data since 2015.
For the energy assessment and the pumping system perform-
ance analysis, specialized sensors and a Data Logger Switch unit
were used.
In order to measure the electrical current, an electrical shunt,
which transforms the current in voltage into a relation of 1 A for
1 mV, was used. To measure the voltage (photovoltaic panels), a
DC/DC transformer of 50 V to 1 V was used. The water flow mass
measurement system was composed of a nozzle and a differential
pressure transducer. The measuring principle is based on the con-
cept stating that the pressure drop caused by the nozzle is propor-
tional to the mass flow. The nozzle was manufactured in
compliance with the ISO 5167-1 norm, with a beta (diameter rela-
tionship) of 0.5. The equipment responsible for measuring the
pressure difference in the flow gauge was a differential-pressure
traducer, which transforms the hydraulic pressure into a signal
that varies from 4 mA to 20 mA. To measure absolute pressure in
the exit of the pump, a traducer was used, with 0–100 m of water-
column pressure corresponding to an output signal from 4 mA to
20 mA. The signals emitted by all the instruments were transferred
to the data-acquisition system (34972 A LXI Data Acquisition
Unit, Keysight Technologies). The data acquisition unit consisted
Fig. 1 Scheme of the experimental model
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of a 60-channel, three-slot mainframe with a built-in 6 1=2 digit
multimeter. Each channel can be configured independently to
measure one of 11 different parameters (i.e., DC voltage, alternat-
ing current (AC) voltage, resistance, frequency and period, DC
current, true root-mean-square AC current, and temperature). The
data-recording interval was 1 s.





_E is the solar irradiation W  h=m2
 
; Is is the solar irradiance
(W/m2), and t is the time.
Solar power
Ps ¼ Is  A (2)
Fig. 2 Photovoltaic array
Table 1 Characteristics of the PV array
Description Value
Brand, model INTIPOWER
PV module power 120 W (standard test conditions)
PV array area 52 m2
Cells type Monocrystalline Si
PV array power 4 kW (standard test conditions)
Orientation and tilt angle of the PV array N, 17 deg
Table 2 Characteristics of the controller
Description Value
Brand, model Lorentz, PS4000
Power Maximum 4 kW
Input voltage Maximum 375 V
Optimum voltage > 238 V
Table 3 Characteristics of the motor
Description Value
Brand, model Lorentz, ECDRIVE 4000-C
Type Brushless DC motor
Power 3.5 kW
Efficiency Maximum 92%
Motor speed 900–3300 rpm
Submersion Maximum 250 m
Table 4 Characteristics of the pump
Description Value




Submersion Maximum 250 m
Table 5 Uncertainties
Parameter Uncertainty (%) Reference








Electrical current 0.5 Instrument
Voltage 0.1 Instrument
Pressure 0.3 Instrument
Pressure difference 0.5 Instrument
Temperature 2.5 Instrument
Wind speed 4 Instrument
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where Ps is the solar power (W), Is is the solar irradiance (W/m
2),
and A is the area of the PV array (m2).
Electrical power of the PV array
Ppv ¼ Ipv  Vpv (3)
where Ppv is the PV array power (W), Ipv is the electrical current
(A), and Vpv is the voltage (V).





where gpv is the efficiency of the PV array (W/W), Ppv is the PV
array power (W), and Ps is the solar power (W).
Hydraulic power
Ph ¼ g  _m  TDH (5)
where Ph is the hydraulic power (W), q is the fluid density (kg/
m3), g is the gravity (m/s2), _m is the mass flow (kg/s), and TDH is






where gh is the hydraulic efficiency (W/W), Ph is the hydraulic
power (W), and Ppv is the PV array power (W).
Global efficiency
Fig. 3 Parameters monitored by the meteorological station
Fig. 4 Solar irradiancy for the year of 2017





where gg is the global efficiency (W/W), Ph is the hydraulic power
in (W), and Ps is the solar power (W).
3.2 Studied Uncertainties. The analysis of uncertainties was
conducted under the criterion of “uncertainty propagation” [22].
The results are shown in Table 5.
4 Results
The results are divided into two parts: the energetic potential of
the zone and the performance of the pumping system.
4.1 Meteorological Station. The maximum wind speed dur-
ing the year 2017 was 6.3 m/s in the month of September (Fig. 3).
The characteristics of the zone limit the energetic potential for
wind-power generation. For this reason, any possibility regarding
Fig. 5 Monthly solar irradiation
Fig. 6 Daily solar irradiation
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the exploitation of this particular method was not considered. The
relative humidity according to the data obtained in the present
research project throughout 2017 is identified in Fig. 3. It went
from 94% in the month of January to 19.6% in October. In Fig. 3,
temperature variation is indicated. It oscillates between 35.9 C
and 6.8 C, the first being the highest temperature in January and
the latest, the lowest in August. These temperature variations and
relative humidity correspond to the typical climate of the southern
valleys of Peru.
4.1.1 Solar Radiation. The solar radiation in the studied zone
for the year of 2017 is presented in Fig. 4. Peak values between
793.1 W/m2 and 1276.9 W/m2 were observed. The energetic
potential of the zone is higher than the average of other locations
in Latin America and the world.
The comparison of Figs. 3 and 4 shows that the highest solar
irradiance values correspond to the highest ambient temperature
values and that the lowest solar irradiance values correspond to
the lowest ambient temperature values. These results confirm the
seasonal climatic characteristics of southern Peru. This region
benefits from an average of 300 sunny days per year and 8 sun-
light hours per day, which are available for the harvesting of solar
energy using different solar technologies, such as photovoltaic
panels. The solar irradiation for the year of 2017 is shown in
Fig. 7 Performance of the PV array
Fig. 8 Performance of the centrifugal pump
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Fig. 5. The maximum value of solar irradiation was 236 kWh/m2
for the month of December and the minimum was 150 kWh/m2
for June. These values were obtained through the integration of
the data obtained from the pyranometer.
Figure 6 shows the daily solar irradiation for the year of 2017.
The values vary from 5 kWh/m2 to 8 kWh/m2, which constitutes
an important energy potential for the generation of power. These
values are a proof of the influence of the Atacama Desert (north-
ern Chile) in the southern Peru region, which has higher values
than the rest of the Peruvian territory.
4.2 Performance of the Photovoltaic Solar Pumping
System. Figure 7 shows the variation of solar irradiance and the
corresponding PV array voltage and electric current for a typical
winter day (June–July), for which peak solar irradiance (between
11 h and 12 h) reaches low values (820 W/m2 approximately)
compared to the rest of the year. The stability of both current and
voltage can be appreciated, despite variations in solar irradiance.
Figure 7 also shows that although solar radiation is low in the
early hours of the morning and in the late afternoon, the electrical
parameters (electric current and voltage) are constant and allow
the system to pump water.
Fig. 9 Solar power, electrical power of the PV array, and hydraulic power
Fig. 10 Photovoltaic array Efficiency, hydraulic efficiency, and global efficiency
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Figure 8 shows that the hydraulic parameters of the solar pump,
i.e., total dynamic heat and mass flow, remain constant despite
oscillations in solar radiation. Moreover, the pump possesses pro-
gressive starting and shutoff mechanisms, which increase its dura-
bility and reduce the necessity of maintenance of its components.
The system works with a solar irradiance equal or superior to
200 W/m2. When solar irradiance falls below these values, the
system shuts down in order to avoid wearing of the components
with a significantly reduced water flow.
The parameters shown in Fig. 8 demonstrate that the MPPT
system allows for the exploitation of solar energy from the early
hours of the morning until late afternoon (from 7 h 30 to 15 h 30),
despite working with a minimum peak solar irradiance (820 W/m2
approximately). Average values of 30 m (THD) and 5 kg/s (mass
flow) were observed for this typical winter day.
Figure 9 shows the power provided by the sun (Ps), the photo-
voltaic array power (Ppv), and the hydraulic power produced by
the electro-pump (Ph). The power of the panels and hydraulic
power remained constant in the test that was conducted. Figure 9
shows also that the solar power is vastly superior to the power
generated by the panels: only 12% of the solar power is trans-
formed into electrical power. This yield corresponds to the
Fig. 11 Photovoltaic array power versus temperature, relative humidity, and wind speed
Fig. 12 Efficiencies of the photovoltaic system during the year of 2017
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monocrystalline PV panel technology. Higher performances can
be attained with other PV technologies, but these alternatives
would not be economically viable. Monocrystalline technology
becomes everyday more accessible, which increases the feasibility
of these kinds of projects.
Figure 10 shows the efficiency of the PV array. For the con-
ducted test, the efficiency of the PV array reached 12%. However,
this value is lower than the efficiency attained in laboratory func-
tioning in the same conditions (17%). It is thought that the losses
caused by conductors and the parallel-series configuration reduce
the overall performance of the photovoltaic array.
The hydraulic efficiency was 55% approximately. For multi-
stage, centrifugal electro-pumps, this is an adequate functioning
value, which can be attained due to the “brushless” technology
and the cooling system, i.e., the unit’s immersion in water. The
global efficiency of the system is around 6.5%; this value is
mainly affected by the efficiency of the photovoltaic panels.
Due to the fact that the system functions only in DC, the effi-
ciency results are superior to those observed in systems with DC/
AC inversion [1,7,8,10,11,23]. However, the main advantage of
these systems is the enhanced exploitation of solar energy. Sys-
tems with DC/AC current inverters function optimally in periods
of high solar irradiance, generally up to 5 h per day. On the other
hand, DC/DC systems can optimally harvest solar energy up to 8 h
per day. The harnessing of solar energy at the beginning of the
day and at the end of the afternoon allows for the pumping of
water in smaller quantities, which is highly practical for irrigation
in zones where there is a shortage of water.
Figure 11 shows the variation of the electrical power generated
by the PV array with relation to the climate characteristics, i.e.,
relative humidity, dry-bulb temperature, and wind speed. The
results show the strong influence of the MPPT system, which
allows for the generation of continuous power despite solar irradi-
ance oscillations. The performance of the PV system does not
seem to be affected by temperature variations (from 19 C to
30 C), wind speed in the zone (from 0 m/s to 5 m/s), or relative
humidity (from 43% to 88%). The MPPT system control electron-
ics probably absorb the temperature effects, mainly in the PV sys-
tem, not allowing the effects to impact the system’s efficiency.
Determining the influence of temperature in the performance of
the PV system was not considered an objective of the current
study; hence, specific tests were not conducted. However, the lit-
erature shows that PV power generation efficiency improves when
PV systems are cooled.
Figure 12 shows the performance of the PV array during the
year of 2017. The efficiency of the PV array, hydraulic, and global
was evaluated with respect to the PV power generated. This
allows for the interpretation of efficiency independent of solar
irradiance. The efficiency of the PV array and global efficiency
remained constant (11.5% and 8.5%, respectively). The function-
ing interval of the PV array ranges from 880 W up to 3400 W,
making evident the versatility of the system of generation and
consumption in DC, which is able to function since solar irradi-
ance is at least 200 W/m2, which corresponds to 880 W of PV
array power, 27 m of TDH and 2 kg/s of mass flow, and 70%
hydraulic efficiency. With greater mass flows (6.3 kg/s), the PV
Fig. 13 Total dynamic head versus mass flow
Fig. 14 Flow mass versus power
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array power was 3256 W with a hydraulic efficiency of 55%, a
TDH of 30 m, and a peak solar irradiance of 1190 W/m2; these are
the conditions of the system during a month of maximum solar
potential (from October to December), which would almost corre-
spond to standard test conditions.
4.3 Performance of the Submergible Motor and Centrifu-
gal Pump System. The results obtained from tests conducted on
the hydraulic, electric motor–pump system during 2017 are shown
in Fig. 13. The variation of TDH and mass flow can be observed.
This graphic determines the working conditions of the pump in
different solar irradiance conditions. For different TDH, the con-
trol system seeks to optimize energy management in such a way
that it does not provide maximum mass flow but rather a percent-
age of it. Thereby, the system pumps from 2.4 kg/s (25 m of TDH)
to 7.7 kg/s (30 m of TDH).
Figure 14 shows the variation of hydraulic power and mass
flow, which is almost linear and proportional. According to the
extrapolations in the same graphic, for maximum PV power (in
conditions of maximum solar radiation), the maximum flow is
6.3 kg/s and the estimated hydraulic power is 1880 W (within the
performance of the pump). These results agree with those of
Tiwari and Kalamkar [23]. Figure 14 also shows that the pump
can start functioning with a mass flow of 2 kg/s, which corre-
sponds to a hydraulic power of 505 W.
The variation of mass flow and PV array power is also pre-
sented. The PV system functions from 880 W to 3310 W of PV
power, which correspond to a mass flow of 2 kg/s and 6.3 kg/s,
respectively: These results are in accordance with those of Tiwari
and Kalamkar [23].
5 Conclusions
An experimental study was performed to analyze the generation
of electrical power, using a photovoltaic system in continuous cur-
rent to power a centrifugal water pump. The present research pro-
ject reached the following conclusions:
 The energetic potential of the location of Uraca—Castilla,
Arequipa, Peru, was determined. The specific zone where the
project was undertaken is apt for the installation of photovol-
taic systems, allowing for the harnessing of renewable
resources, as well as the reduction of pollutant gas emissions.
 For the current for a typical winter day (June–July), the effi-
ciency of the PV array reached 12%, the hydraulic efficiency
was 55% approximately, the global efficiency of the system
is around 6.5%.
 During the year of 2017, the system operated from 07 h
30 min to 15 h 30 min, with an average of 8 h a day during
300 days per year. The efficiency of the PV array and global
efficiency remained constant (11.5% f and 8.5%, respec-
tively). The functioning interval of the PV array ranges from
880 W up to 3400 W, which is able to function since solar
irradiance is at least 200 W/m2, corresponding to 880 W of
PV array power, 27 m of TDH and 2 kg/s of mass flow, and
70% hydraulic efficiency. With greater mass flows (6.3 kg/s),
the PV array power was 3256 W with a hydraulic efficiency
of 55%, a TDH of 30 m, and a peak solar irradiance of 1190
W/m2.
 This study shows the feasibility of implementing solar pump-
ing systems to extend agricultural zones to isolated rural
areas that lack resources. Projects of this kind can be repli-
cated in similar environmental conditions.
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Nomenclature
A ¼ area (m2)
_E ¼ solar irradiation ðW  h=m2Þ
g ¼ gravity (m/s2)
Is ¼ solar irradiance (W/m2)
Ipv ¼ electrical current (A)
_m ¼ mass flow (kg/s)
Ph ¼ hydraulic power (W)
Ps ¼ solar power (W)
Ppv ¼ PV array power (W)
t ¼ time
T ¼ temperature (C)
TDH ¼ total dynamic head (m)
Vpv ¼ voltage (V)
W ¼ wind speed (m/s)
d ¼ uncertainty (prefix)
DP ¼ differential pressure (Pa)
gg ¼ global efficiency (W/W)
gh ¼ hydraulic efficiency (W/W)
gpv ¼ efficiency of the PV array (W/W)
q ¼ fluid density (kg/m3)
Acronyms
AC ¼ alternating current
DC ¼ direct current
MPPT ¼ maximum power point tracking
PV ¼ photovoltaic
TDH ¼ total dynamic head
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